Abstract: A cathodic differential pulse voltammetric determination of colchicine was validated using a glassy carbon electrode in HClO 4 /H 3 PO 4 0.01 M. Colchicine gives an irreversible, diffusion-controlled peak at −862 mV vs. Ag/AgCl reference electrode. The cathodic peak is strongly influenced by a more alkaline environment with a shift towards more negative potentials. Method optimization was carried out in parallel for three types of electrodes (glassy carbon, mercury film and bismuth film coated glassy carbon). The cathodic peak current is higher using film-coated electrodes, but shows poorer intra-day reproducibility and a longer analysis time due to film renewal. Thus, a bare glassy carbon electrode was used to determine colchicine in the concentration range of 2.4 − 50 µg mL −1 (R 2 = 0.9998, n = 5), with a calculated detection limit of 0.80 µg mL −1 . The proposed method was characterized according to ICH Harmonized Tripartite Guidance Q2(R1) by validation parameters (selectivity, linearity, accuracy, fidelity, limit of detection, limit of quantification) and it was successfully applied for the determination of colchicine from tablets, without the interference of the excipients. The method's performances were evaluated and compared with both a known polarographic method and the official quantitative spectrophotometric determination from the Romanian Pharmacopoeia, Xth edition, respectively.
Introduction
Electroanalytical methods are increasingly gaining attention in the analysis of pharmaceutical substances, due to their high sensitivity. These methods do not require tedious pre-treatment and involve limited pre-separation, and consequently reduce the cost of analysis. Therefore, this approach was investigated for the quantitative determination of colchicine.
In spite of the large number of publications concerning quantitative analysis of drugs by different electroanalytical techniques, their complete method validation is not frequently carried out. Electrochemists often view the validation procedure as a time consuming novelty and do not give it the scientific value deserved, thus neglecting to undertake the complete validation procedure. They tend to focus on the exceptional feature of the proposed electrochemical method or assembly, without clearly demonstrating its suitability for quantitative purposes. Because of this, the number of routine analyses by electroanalytical methods employed by various laboratories or pharmaceutical industry is unfortunately very low, compared with the less cost-effective and sometimes less sensitive chromatographic techniques.
In the present work, method optimization and complete validation of cathodic differential pulse voltammetric analysis of colchicine is described for the routine quantitative determination of the active moiety in pharmaceuticals and offers an alternative to the more expensive chromatographic techniques.
Colchicine is a protoalkaloid, contained as a major bioactive component in Colchicum autumnale L. (meadow saffron). It is freely soluble in water and ethanol ( Fig. 1 ).
Fig. 1
Colchicine, N-((7S)-5,6,7,9-tetrahydro-1,2,3,10-tetramethoxy-9-oxobenzo(a)heptalen-7-yl)-acetamide.
It is used as a specific anti-inflammatory agent in acute attacks of gout. The drug also presents an antimitotic action, arresting dividing cells in metaphase by preventing normal function of mitotic spindle, being one of the model molecules for the development of new anticancer drugs.
Many studies have dealt with the development of analytical methods for the determination of colchicine, based on TLC-densitometry [1, 2] , high performance liquid chromatography using UV [1] [2] [3] [4] [5] [6] , or MS detection [7] [8] [9] . Comparatively, only a few papers have dealt with the electrochemical behavior and dosage of colchicine [10] [11] [12] [13] [14] , and none of them reflected application of the quantitative determination of the alkaloid from pharmaceutical products.
Kasim [10] reports the electrochemical behavior of colchicine by cyclic voltammetry on a glassy carbon electrode, obtaining the highest peak currents in a mixture of H 3 PO 4 /HClO 4 0.01 M (pH= 2.7). The studied potential range was between +1.7 V (E inital ) and −0.8 V (E switch ) vs. Ag/AgCl reference electrode, colchicine showing a two step oxidation, with peaks at +1.2 V and +1.35 V and one cathodic peak at −0.46 V.
For the dosage of the alkaloid, the author presents an adsorptive stripping linear sweep voltammetric method on a hanging mercury drop electrode (HMDE) in the same electrolyte, using an accumulation potential of −0.3 V, and a stripping scan of 100 mVs −1 in the range of −0.3 V to −1.2 V vs. Ag/AgCl. Linear calibration curves were described for 5 · 10 −8 − 4 · 10 −7 M colchicine, with a calculated limit of detection of 2.6 · 10 −11 M colchicine. These assays could not be successfully repeated, and could not demonstrate the accumulation of the protoalkaloid in H 3 PO 4 /HClO 4 0.01 M (pH= 2.7) at the surface of HMDE under the described conditions. The adsorption of colchicine on the surface of the mercury drop only occurs in basic media, previously described by Wang [11] . They describe the trace analysis of colchicine using stripping differential pulse polarography in NaOH 0.01 M (pH= 12) as the support electrolyte.
There are also two anodic voltammetric methods described, one using platinum and gold rotating disc electrodes in 0.1 M sulphuric acid [13] , and another describing the electrochemical behavior of colchicine at an acetylene black-dihexadecyl hydrogen phosphate composite film modified glassy carbon electrode [14] . The former studies the stability of the drug in aqueous media, and proposes for the first time a possible reaction mechanism for the electrochemical oxidation of colchicine. The latter, describes an open circuit accumulation of the drug at the acetylene black composite film and its anodic voltammetric determination from urine samples.
These polarographic methods show several drawbacks, amongst which are the high toxicity of mercury for both the user and the environment. Despite their higher sensitivity, the analysis of a high number of samples produce quantities of waste, which in the era of "green chemistry" is less and less accepted and therefore more important to give critical consideration to.
Additionally, the accumulation potential (+1.7 V) used by Kasim is far too high to maintain the integrity of the glassy carbon electrode's surface, and therefore is inappropriate for the development of routine analyses of colchicine. Nevertheless, the most important drawback of the above-mentioned electroanalytical methods is that they do not follow a full method validation for quantitative purposes.
The aim of the present study was to summarize the electrochemical behavior of colchicine by linear sweep and cyclic voltammetry on different electrodes, followed by the selection and validation of the most suitable one for its fast quantification from pharmaceutical products. The developed method could be applied for quality control dissolution tests regulated by Pharmacopoeias and in-vitro dissolution profile testing. These tests are needed in the registration requirements to establish interchangeability of multisource pharmaceutical products (generics) with the comparator product (original, patented one).
Experimental

Chemicals and standards
Analytical grade colchicine for biochemistry was purchased from Merck, Germany. The stock solutions were freshly prepared each day and they were stored in the dark. The stability of colchicine in aqueous solutions kept in the dark at room temperature was studied by gradient HPLC-UV-MS, observing no degradation for a period of at least ten hours. Working standards of colchicine were prepared by adding appropriate amounts of stock solution directly into the voltammetric cell.
Aqueous solutions of supporting electrolytes were prepared by dissolving the appropriate amounts in ultrapure water.
The pharmaceutical samples were tablets with 1 mg declared amount of colchicine and were purchased from Biofarm S.A, Bucharest, Romania.
Perchloric acid, hydrochloric acid, phosphoric acid, sodium chloride, potassium nitrate, mercury(II) nitrate, bismuth nitrate were of analytical grade and were purchased from Merck, Germany, except the last one that was obtained from Fluka, Switzerland.
For the cathodic voltammetric assays, pure nitrogen saturated with water vapors was used for purging the supporting electrolyte.
Apparatus
All experiments of linear, cyclic and differential pulse voltammetry were performed with an Autolab modular electrochemical system (ECO-Chemie, The Netherlands), equipped with a PGSTAT 30 potentiostat. The system was monitored with a personal computer using GPES 4.9 software (ECO-Chemie, The Netherlands) for data acquisition and subsequent analysis. The polarographic experiments were conducted on a Radiometer potentiostat model POL 150 associated to a MDE 150 stand. For data acquisition and handling TraceMaster 5 software (Radiometer, France) was employed.
For all the electrochemical assays,a standard 15 mL electrochemical cell was employed, along with a classical three-electrode system. It consisted of a solid-state gold, platinum (1 mm diameter) or glassy carbon electrode (3 mm diameter) or a hanging mercury drop electrode (MDE 150 stand, Radiometer, France) as a working electrode, along with a Ag/AgCl(3 M KCl)reference and a platinum wire auxiliary electrode.Bismuth-and mercuryfilm electrodes were prepared via the methodology published earlier by E.A. Hutton [12] .
The solid state electrodes were polished at the beginning of each assay, using an aqueous slurry of 0.3 μm aluminum oxide on a smooth polishing pad (Bioanalytical Systems Inc., USA), then they were thoroughly washed with purified water. To remove any residual byproduct the electrodes were sonicated for 30 seconds in ethanol. Before use in the differential pulse voltammetric measurements, the electrodes were cleaned electrochemically in the supporting electrolyte in the working potential range until a stable baseline was achieved (3 − 4 potential sweeps).
Procedure
In a typical run, 5 mL of the supporting electrolyte (H 3 PO 4 /HClO 4 0.01 M) was transferred into the dry voltammetric cell, adding the required stock solution of colchicine by a microsyringe (Hamilton, USA). In cathodic differential pulse voltammetry, a 5 minute nitrogen purging was carried out. The voltammograms were recorded using optimized differential pulse voltammetric conditions, namely a scan rate of 10.2 mV s −1 , with a pulse amplitude of 100 mV and pulse width of 50 ms. The calibration curve for colchicine was constructed using the serial addition of a standard solution into the supporting electrolyte, plotting the intensity of the cathodic peak against the corresponding colchicine concentration on the range 2.4 − 50 μg mL −1 .
Analysis of pharmaceutical dosage forms
After the determination of the average weight of tablets, they were pulverized. An accurately weighed amount of powder, equivalent to 4 mg of colchicine was transferred in a 10 mL volumetric flask and suspended in distilled water. The mixture was sonicated for 8 minutes in an ultrasonic bath and then brought to volume with water. The suspension was centrifuged for another 5 minutes at 5000 rot min −1 and 3 mL of the clear supernatant was diluted to 5 mL with distilled water, which served as sample for the differential pulse voltammetric assay. Adding a suitable volume (300 μL) of sample to the voltammetric cell containing 5 mL of the supporting electrolyte, the amount of colchicine was determined by the standard addition method.
Results and discussion
Cyclic voltammetry
The electrochemical behavior of colchicine was studied by both cathodic and anodic voltammetry using different solid-state electrodes, namely gold, platinum and glassy carbon electrodes in different supporting electrolytes and pH's.
The cathodic assays on gold and platinum electrodes reveal small cathodic peaks for the alkaloid, in comparison with the one observed on glassy carbon. However, the peak potential of the colchicine reduction peak on glassy carbon electrode is strongly pH dependent (Fig. 2a) . The negative scan shows a single irreversible reduction peak. At reverse scan, no oxidation peak corresponding to the reduction wave was observed, at scan rates up to 4000 mV s −1 . The reduction potential (E p ) was found to depend on scan rate and concentration, which indicate a totally irreversible reduction wave. Literature data describes a single one-electron reduction wave of colchicine. The anodic assays revealed a better defined oxidation peak shape using glassy carbon electrodes, in comparison with those obtained with gold or platinum electrodes. In the potential range between 0 and +1.4 V vs. Ag/AgCl, colchicine shows an irreversible oxidation peak at +1.26 V vs. Ag/AgCl (3 M KCl) on glassy carbon electrode. The second oxidation peak reported by Kasim [10] was not reached, since working at potentials superior of +1.2 V vs. Ag/AgCl a strong anodization of the glassy carbon surface occurs, with the loss of its integrity. The different pH and electrolytes showed an influence on the anodic peak shape (Fig. 2b) , but they did not give any potential shift of the oxidation peak.
Studying the influence of metallic film electrodes on the cathodic response of colchicine, at the first glance, shows promising results over the bare glassy carbon electrode. The higher cathodic currents obtained by linear sweep voltammetry for colchicine on mercury -and bismuth -film electrodes, foretells a more sensitive quantitative differential pulse voltammetric method using bismuth-film electrode.
Analytical application
For quantitative assays, cathodic differential pulse voltammetry was considered, following the results obtained by linear sweep voltammetry on mercury-and bismuth-film glassy carbon electrodes. Colchicine yields a single cathodic peak, which was chosen for analytical determination purposes.
Differential pulse voltammetry on bare and metallic-film glassy carbon electrodes
Initially, the optimum instrumental parameters for the quantitation of colchicine were studied and the effect of scan rate, pulse height and width were investigated. With regard to peak current intensity and symmetry, the following parameters: 10.2 mV s −1 , 100 mV and 50 ms were chosen as the most convenient values. Differential pulse voltammetry applied on bare glassy carbon electrode in H 3 PO 4 /HClO 4 0.01 M on the range −0.3 and −1.1V for the quantitation of colchicine yielded a welldefined cathodic peak at −897 mV vs. Ag/AgCl. These studies were conducted in parallel on three different types of electrode: bare glassy carbon, mercury-film glassy carbon and bismuth-film electrode, selecting the most suitable electrode for quantitative analysis.
The screening studies consisted in a typical cathodic differential pulse voltammetric analysis of colchicine by the serial addition of a standard solution into the supporting electrolyte, using the above-mentioned electrodes (Fig. 3) .
Three series of assays for each electrode were carried out, plotting the cathodic peak intensity in function of the corresponding colchicine concentration (4·10 Contrary to the preliminary linear sweep voltammetric data, the use of bismuthfilm electrode brings no additional increase in sensitivity for the quantitative differential pulse voltammetric determination of colchicine. The slope of the calibration curves using bare glassy carbon and mercury-film electrode are comparable. Furthermore, no electroaccumulation of the alkaloid on the mercury-film glassy carbon electrode was observed.
Another drawback of film electrodes is the higher coefficient of variation of the slope, mainly due to the oxidation of the metallic film during consecutive assays in aqueous solutions. Moreover, the electrodeposition of a new metallic film additionally increases the analysis time.
Therefore, further studies and full method validation were continued using only the bare glassy carbon electrode.
Method validation
The method was validated in compliance with ICH Harmonised Tripartite Guideline [15] , in terms of specificity, linearity, range, accuracy, precision, detection and quantification limit.
Specificity
Since differential pulse voltammetry, and electrochemistry in general, is considered a non-specific assay, other supporting analytical procedures should be used to demonstrate overall specificity. Because the proposed method is recommended to be used only for the quantification of the alkaloid from pharmaceutical dosage forms, a blank assay of a reconstructed tablet matrix should ascertain the lack of interference of the used excipients (starch, lactose, silicium dioxide, methylcellulose, magnesium stearate). Therefore, a synthetic mixture of the placebo was prepared according to the label reported by the producer, and this mixture was extracted and analyzed following the protocol described at the analysis of pharmaceutical dosage forms. The obtained cathodic differential pulse voltammogram presented no reduction peak on the studied potential range, demonstrating the methods specificity towards colchicine. Since degradation product standards were unavailable, their interference was not studied.
Linearity
Linearity was evaluated using five concentration levels of colchicine in three series over a three day period. A fresh stock solution of colchicine was prepared each day and all the assays were performed under controlled light conditions in order to prevent the photodegradation. The assays were carried out by the standard addition method, adding increasing volumes of standard stock solution of colchicine to 5 mL of H 3 PO 4 /HClO 4 0.01 M.
The plot of peak current versus the respective concentration of colchicine was found to be linear in the concentration range (2.4 − 50 μg mL −1 ) and was represented by the linear equation: I p (μA) = 0.06606C (μg mL −1 )+0.03186, R 2 = 0.9998. Linear regression data for the calibration curve are summarized in Table 2 .
Accuracy
The accuracy of the method was assessed using 15 control samples having five levels of concentration. The statistical analysis of the data is summarized in Table 3 .
Precision
The precision of the method was evaluated for six independently samples (100% of the test concentration) analyzed by the standard addition method, and expressed in terms of variation coefficients (Table 4 ). The intermediate precision (inter-day precision) was assessed for three different days using six independent samples. 
Limit of detection and limit of quantification
The limits of detection (LOD) and quantification (LOQ) were calculated as (3.3σ/S) and (10σ/S), respectively, where σ is the standard deviation of the intercepts and S is the slope of the calibration curve. The calculated LOD and LOQ were found to be 0.80 μg mL −1 and 2.43 μg mL −1 , respectively. The LOQ was subsequently validated by the analysis of three known samples at the quantification limit, obtaining a recovery of 103.13 ± 1.97%.
Determination of colchicine in pharmaceuticals
In order to assess the applicability of the proposed method, the content of three samples of commercially available 1mg colchicine tablets was determined. Furthermore, to test the reliability of this method, the obtained results were compared with the one obtained by adsorbtive stripping polarography, previously published by Wang [11] and by the spectrophotometric determination described by the Romanian Pharmacopoeia X edition for the determination of colchicine from tablets.
Spectrophotometric determination
Following the described protocol in the Romanian Pharmacopoeia X edition [16] for the determination of colchicine from tablets, the content of the protoalkaloid (Table 5 ) from 1mg colchicine tablets was determined. (Biofarm S.A., Bucharest). The results were calculated using the specific absorbance (A 1% 1cm ) at 350 nm and based on a multilevel calibration curve of standard colchicine. 
Cathodic differential pulse voltammetry
The adsorptive stripping voltammetric method previously described by Wang [11] was used as a reference electrochemical method for the determination of colchicine.
The tablet samples were analyzed by the standard addition method, and the results were summarized in Table 5 .
Conclusions
The electrochemical reduction of colchicine on bare and metallic-film glassy carbon electrodes was studied, and the optimal conditions were employed for the rapid quantitative determination of the active drug from tablets. The cathodic differential pulse voltammetry in H 3 PO 4 /HClO 4 0.01 M proved to be the most suitable, in terms of reduction potential, for the routine analysis of the protoalkaloid. The deposition of mercury-and bismuth-film on the glassy carbon electrode did not improve the sensitivity of the differential pulse voltammetric method.
The proposed electrochemical method provides simple, accurate and reproducible quantitative analysis of colchicine in tablets. It passed all necessary statistical tests in order to be validated as per ICH guidelines.
Real samples of tablets were determined simultaneously by spectrophotometric, differential pulse polarographic and differential pulse voltammetric methods and the results were correlated.
The method allows the determination of colchicine in tablets without any separation or complex sample preparation, since there was no significant interference from the excipients.
